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AN  EXPERIMENTAL  STUDY  OF  THE  PHASE  RELATIONSHIPS  OF  EXELL  GAS 

INTRODUCTION 


The  Division  of  Operations  Research  has  instituted  a  program 
to  obtain  phase  equilibria  data  for  helium-bearing  natural  gases  which 
are  of  special  interest  to  the  Helium  Activity,,  This  plan  encompasses 
the  studies  of  gas  processed  for  helium  by  our  operating  plants  in 
addition  to  gases  which  give  promise  of  becoming  the  source  material 
for  prospective  plants .  The  actual  study  is  performed  on  gas  from  which 
carbon  dioxide ,  water ,  and  hydrogen  sulfide  have  been  removed  so  that 
the  experimental  apparatus  will  not  be  plugged  with  solids  which  other¬ 
wise  would  form  at  the  low  temperatures  encountered „ 

A  number  of  phase  studies  have  been  rnade0  The  results  of  an 
experimental  work  (4)  related  to  the  gas  supply  for  the  Keyes  Helium 
Plant,  a  new  plant  which  recently  went  on  stream,  and  a  report  (7) 
covering  an  experimental  study  of  the  Cliff side  Gas,  which  has  supplied 
the  Amarillo  Helium  Plant  for  many  years,  have  been  submitted ...  A  report 
(l)  concerned  with  gas  from  the  Rattlesnake  Field,  San  Juan  County,  New 
Mexico,  which  gas  provided  the  helium  that  was  extracted  for  several 
years  at  the  Navajo  Helium  Plant  has  been  completed.  Another  report  is  in 
preparation  for  the  Pan  American  Hogback  Gas  which  likewise  supplied  this 
plant  for  a  few  years.  Wells  which  provided  both  of  these  latter  supplies 
are  now  inoperative.  Reports  (8,  9)  relating  to  gas  originating  in  the 
Hugoton  Field,  prominently  mentioned  as  a  possible  source  of  helium- 
bearing  gas  for  a  new  plant,  have  been  prepared. 

For  the  near  future,  two  phase  studies  are  contemplated.  A 
study  of  the  gas  from  the  Pan  American  Navajo  C-l  Well,  which  is  currently 
supplying  the  Navajo  Helium  Plant,  is  proposed.  A  similar  study  of  a 
Michigan-Wisconsin  Pipeline  Gas,  a  typical  helium-bearing  natural  gaq 
which  originates  in  the  Hugoton  Field,  is  planned;  the  study  of  this  gas 
is  expected  to  be  more  comprehensive  than  that  mentioned  earlier  (8)  for 
a  similar  gas  from  this  field. 

The  present  report  is  a  phase  study  related  to  the  gas  from 
which  helium  is  extracted  at  the  Exell  Helium  Plant.  The  gas  originates 
in  the  Panhandle  Field  and  is  withdrawn  from  a  pipeline  of  Colorado 
Interstate  Gas  Company  for  use  by  the  plant.  The  Panhandle  Field  has 
supplied  the  Exell  plant  with  gas  since  completion  of  the  plant  in  1943. 


OBJECTIVES 


There  is  a  need  for  phase  equilibria  data  pertaining  to  helium¬ 
bearing  natural  gases  that  are  commercially  important  for  helium  extraction. 
There  is  a  dearth  of  information  in  the  literature  on  such  systems.  The 
current  report  that  considers  the  Exell  Gas,  as  well  as  the  others  already 


submitted  and  those  planned  for  the  future ,  should  provide  data  to  meet 
some  of  this  need0 

The  design  of  plant  equipment  and  optimum  operating  conditions 
for  helium-extraction  processes  hinge  to  considerable  extent  on  phase 
equilibria  data  and  other  information  derived  therefrom.  In  order  to 
simulate  adequately  the  range  of  conditions  feasible  in  plant  operation., 
phase  equilibria  data  were  determined  experimentally „  Pressures  of  100, 
200,  and  300  p.s.i.a.  and  temperatures  in  the  range  of  -50  to  -275°  F„, 
and  pressures  of  400  and  500  p.soi0a0  and  temperatures  in  the  range  of 
-50  to  -225°  Fo  were  chosen  for  study., 


SUMMARY  AND  CONCLUSIONS 


Two  phase  equilibrium  apparatus,  one  of  which  is  described 
in  a  previous  report  (2),  were  employed  to  obtain  samples  of  equilibrium 
vapor  and  liquid  phases „  The  results  of  mass  spectrographic  analysis 
of  120  samples  for  conditions  in  the  temperature  range  of  -50  to  -275°  F0 
and  pressure  range  of  100  to  500  poS.i„a0  are  reported 0  Results  of  an 
additional  sample  of  each  liquid  phase  (60  samples)  analyzed  by  means  of 
a  helium  analysis  apparatus  described  essentially  in  (5)  are  also  reported.. 
The  data  presented  in  this  report  are  representative  of  the  gas  stream  im¬ 
mediately  after  removal  of  acidic  gases  and  water  by  plant  equipment  at 
the  Exell  Helium  Plant „ 

To  simplify  calculations,  the  gas  system  is  considered  for  a 
portion  of  this  study  as  one  of  four  components 2  helium,  nitrogen,  methane, 
and  ethane-plus o  As  noted  in  the  report,  nitrogen  analyses  that  are 
reported  include  argon,  oxygen,  and  hydrogen,  which  are  present  in  very 
small  concentrations .  The  sum  of  the  concentrations  of  the  latter  three 
included  in  the  nitrogen  analysis  for  any  sample  does  not  exceed  0*3  mole 
percent  in  the  extreme  case  and  averages  perhaps  01  percent 0 

Phase  relationship  data  are  presented  in  tabular  form.  Tables 
2,  3,  and  following  the  scheme  used  in  two  earlier  reports  (7,  8)  in 
graphical  form,  Figures  1-5 .  Curves  for  methane,  nitrogen,  and  helium 
are  shown  in  the  vapor  phase;  similar  data,  are  shown  for  methane,  nitrogen, 
and  ethane-plus  in  the  liquid  phase.  Data  for  helium  in  the  liquid  phase 
are  not  shown,  graphically  because  the  values  are  too  small  to  permit 
adequate  representation  on  the  scale  employed  in  the  graphs  mentioned  above „ 
However,  these  data  are  presented  in  tabular  form. 

Additional  phase  relationship  data  are  presented  for  ethane, 
propane,  and  butanes.  These  are  shown  in  tabular  form.  Tables  4,  5. 
Supplementing  the  tabulations,  graphical  methods  are  employed  to  describe 
the  data  for  ethane.  Figure  6,  and  propane,  Figure  7,  in  the  equilibrium 
vapor  and  liquid  phases,  and  for  butanes  (n-butane  plus  iso-butane)  in 
the  liquid  phase.  Figure  8. 

A  convenient  and  useful  method  of  presenting  a  phase  relationship 


utilizes  the  ratio  of  the  mole  fraction  of  a  given  component  in  the  vapor 
phase  to  its  mole  fraction  in  the  liquid  phase  for  an  equilibrium  condition 
at  a  certain  temperature  and  pressure.  Accordingly,  these  ratios  (equilibrium 
vaporization  coefficients)  have  been  determined  in  most  instances  for  methane, 
ethane-plus,  nitrogen,  and  helium  for  each  combination  of  pressure  and 
temperature;  these  are  presented  in  tabular  form.  Table  60  In  addition,  the 
coefficients  are  presented  graphically  for  methane,  Figure  9;  the  resulting 
smooth  curves  exhibit  typical  behavior  for  this  component0  Graphical  pre¬ 
sentation  has  not  been  included  for  the  latter  three  components  because 
of  the  scarcity  of  experimental  points „  Analytical  limitations  with  respect 
to  the  small  concentrations  involved  for  certain  conditions  yield  values 
which  may  have  a  large  deviation  from  the  true  coefficients,  and  therefore 
result  in  erratic  plots „ 

Solubility  of  helium  is  presented  graphically  as  isobars  by  a 
plot  of  helium  percent  in  liquid  versus  temperature,  Figure  10 „  For  the 
400  and  500  p0s0ioa0  isobars,  the  solubility  of  helium  is  low  at  -50°  F0 
but,  as  temperatures  are  lowered,  sharply  rises  to  a  maximum  at  cold 
temperatures  (approximately  -225°  Fc)0  For  the  200  and  300  p.Soioa. 
conditions,  the  solubility  increases  from  a  low  value  near  -150°  Fo  to  a 
maximum  value  in  the  vicinity  of  -250°  Fc  Owing  to  the  scarcity  of  points, 
little  can  be  concluded  for  the  100  p0Soi0a0  condition  beyond  the  fact 
that  the  solubility  of  helium  in  the  liquid  increases  as  colder  temperatures 
are  approached 0 

Liquefaction  characteristics  of  natural  gas  are  of  special 
interest  in  helium  production 0  Calculations  of  percent  condensed  are 
plotted  versus  temperature  in  isobaric  form,  Figure  11 „ 
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COMPOSITION  OF  EXELL  GAS 


The  gas  which  is  processed  for  helium  at  the  Exell  Helium  Plant 
originates  in  the  western  portion  of  the  Panhandle  Field  and  is  removed 
from  a.  gathering  system  of  Colorado  Interstate  Gas  Company.  The  carbon 
dioxide  content  of  the  inlet  gas  to  the  plant  is  about  0.8  percent ,  and  a 
trace  of  hydrogen  sulfide  is  also  present.  Plant  equipment  removes  carbon 
dioxide,  hydrogen  sulfide,  and  water  in  advance  of  the  helium  separation 
process.  It  is  this  outlet  stream  (referred  to  as  Exell  Gas  in  this  report) 
which  provided  the  gas  used  in  this  investigation. 

The  Division  of  Operations  Research  received  22  cylinders  containing 
Exell  Gas  in  3  groups  of  10,  6,  and  6  respectively.  The  first  group  was 
received  early  in  October  of  1958,  the  second  group  later  in  that  month,  and 
the  third  group  in  early  November  of  1958.  The  gas  from  each  of  the  22 
cylinders  was  analyzed  by  means  of  the  mass  spectrometer.  The  analyses  of 
the  first  group  departed  slightly  from  those  of  the  second  and  third  groups, 
but  the  differences  were  not  considered  significant.  An  average  analysis  of 
the  gas  content  of  the  22  cylinders  is  presented  below  in  Table  1,  both  as  a 
14-component  and  four-component  system.  For  the  purpose  of  reporting  the 
analysis  on  the  basis  of  a  four— component  system,  the  following  grouping  is 
observed? 

1)  Methane 

2)  Hydrocarbons  other  than  methane,  consisting  of  ethane  through 
hexanes-plus,  considered  as  ethane-plus 

3)  Nitrogen,  oxygen,  argon,  and  hydrogen;  designated  as  nitrogen 

4)  Helium 

TABLE  1.  -  Composition  of  Exell  Gas 
(CO2,  H2S,  and  ^O-free) 


Component 


As  14-Component  System 


As  4-Component  System 


Methane 

73.2% 

Ethane 

5.7 

Propane 

3.1 

n- Butane 

.9 

i- Butane 

.4 

n~Pentane 

.1 

i-Pentane 

.4 

Cyclopentane 

.1 

Hexanes-plus 

.1 

Nitrogen 

15.0 

Oxygen 

k/ Trace 

Argon 

1 

b  0  -L 

Hydrogen 

LI  Tra  ce 

Helium 

1.0 

l/Trace  is  less  than  o7oT^iio]Le~percent 


73. 


10.7 


”  15.1 


1.0 


EXPERIMENTAL  METHOD 


Apparatus 


Two  Bureau  of  Mines  Phase  Equilibrium  apparatus  were  used  in 
this  studyD  One  of  these  has  been  described  in  a  previous  report  (2)o 
Essentially,  the  apparatus  consists  of  a  windowed  equilibrium  cell  which 
can  be  maintained  at  any  selected  temperature  in  the  range  of  room  tem¬ 
perature  to  -320°Fo  and  at  any  desired  pressure  from  atmospheric  to  800 
PoSciogo  in  the  case  of  one  apparatus ,  up  to  4000  p0Soicgo  in  the  secondo 
Aside  from  pressure  range,  the  two  apparatus  differ  mainly  in  the  method 
employed  for  temperature  control 0  The  apparatus  designed  for  the  higher 
pressure  range  utilizes  a  pneumatic  system  for  temperature  control  and 
thermocouples  within  the  cell  itself  for  temperature  measurement 0 


Procedure 


Gas  from  the  supply  cylinder  was  admitted  to  the  apparatus 
where  it  is  passed  through  a  scrubber  containing  potassium  hydroxide  to 
insure  complete  removal  of  water  and  carbon  dioxide „  The  gas  was  regulated 
to  the  desired  pressure  and  entered  the  windowed  cell  maintained  at  the 
chosen  temperature 0  When  desirable,  a  small  flow  of  the  vapor  phase  was 
allowed  to  flow  through  the  cell  to  permit  the  accumulation  of  liquid 
phase  o 


The  cell  contents  were  stirred  continuously  in  advance  of 
sampling  to  promote  rapid  equilibrium 0  After  equilibrium  has  been  established, 
samples  of  both  phases  were  withdrawn  in  quick  succession  for  subsequent 
analysis  by  the  mass  spectrometer «,  An  additional  sample  of  each  equilibrium 
liquid  phase  was  taken  for  helium  analysis  by  means  of  a  special  helium 
analytical  apparatus  described  essentially  in  a  previous  publication  (5)0 
During  sampling,  a  stirring  device,  the  essential  features  of  which  have 
been  described  in  a  prior  article  (3),  continuously  mixed  each  phase  while 
samples  of  vapor  phase  were  withdrawn l„  For  those  conditions  where  the 
quantity  of  the  liquid  phase  was  small,  stirring  was  not  employed  during 
sampling  of  this  phase „ 

Temperature  measurements  were  made  with  the  use  of  a  copper- 
constantan  thermocouple 0  In  the  low-pressure  apparatus,  which  was  used 
for  the  greater  part  of  this  study,  this  thermocouple  was  in  contact  with 
the  cell  block  and  terminated  about  l/8-inch  from  the  equilibrium  chamber 
and  approximately  midway  the  height  of  the  cello  In  the  high-pressure 
apparatus  the  thermocouple  junction  is  located  inside  the  experimental 
chamber 0  The  thermocouple  output  was  measured  with  a  portable  precision 
potentiometer  (Rubicon  Company,  Philadelphia,  Pennsylvania),,  The  tem¬ 
perature  was  controlled  within  +  0o5°  Fc  of  the  desired  temperature  for  a 
period  of  15-30  minutes  prior  to  sampling 0 


The  pressure  on  the  contents  of  the  cell  at  equilibrium  conditions 
was  controlled  within  approximately  2  p.s.i.  of  the  desired  pressure  by 
means  of  a  reducing  regulator  (Grove  Model  94  Reducing  Valve,  Grove  Regulator 
Company,  Oakland,  California) . 


PRESENTATION  OF  DATA 


Vapor-Liquid  Phase  Compositions 


Results  of  gas  analysis  of  180  samples  of  equilibrium  vapor  and 
liquid  phases  for  42  experimental  conditions  are  presented  in  Table  2,  with 
the  Exell  Gas  reported  as  a  four-component  system^  Sixty  samples  each  of 
the  respective  vapor  and  liquid  phases  were  analyzed  with  a  mass  spectrometer, 
and  an  additional  sample  of  each  liquid  phase  were  analyzed  for  helium  with 
a  helium  analysis  apparatus .  Table  3  was  prepared  with  the  aid  of  Table  2 
to  show  averaged  experimental  data.  The  results  of  several  samples  which 
are  noted  as  discarded  in  Table  2  are  not  averaged  in  Table  3. 

Additional  data  from  the  120  mass  spectrometer  analyses  are 
presented  to  show  the  respective  content  of  ethane,  propane,  and  butanes 
in  equilibrium  phases  of  Exell  Gase  These  are  given  in  Table  4,  and,  with 
the  aid  of  this  table,  Table  5  was  prepared  to  show  the  averaged  experimental 
data.  Again,  results  noted  as  discarded  for  several  samples  listed  in  Table 
4  are  not  averaged  in  Table  5. 

Equilibrium  phase  relationship  data  shown  in  Table  3  are  plotted 
as  isobars  for  100,  200,  300,  400,  and  500  p.s.i. a.  in  Figures  1  through 
5,  respectively.  For  each  graph  the  concentrations  of  methane,  nitrogen, 
and  helium  are  plotted  for  the  vapor  phase,  while  the  contents  of  ethane- 
plus,  methane,  and  nitrogen  are  shown  graphically  for  the  liquid  phase. 

Table  5  is  utilized  to  provide  data  for  the  following  plots. 
Equilibrium  phase  relationships  for  ethane  and  propane  are  shown  graphically 
as  isobars  in  Figures  6  and  7,  respectively.  Concentrations  of  butanes 
(n-butane  plus  iso-butane)  in  the  liquid  phases  are  plotted  as  isobars  in 
Figure  8. 


The  data  for  seven  experimental  runs  for  the  100  p.s.i.a.  and 
-200°  F.  condition  are  shown  in  Table  2  and  Table  4.  These  runs  provided, 
in  addition  to  the  usual  information  determined  in  a  phase  study,  a  check 
of  the  overall  precision  of  the  method  used  in  obtaining  the  phase  equi¬ 
libria  data.  The  results  of  the  mass  spectrometer  analysis  of  the  sample 
obtained  from  the  liquid  phase  for  Run  No.  2  were  discarded  because  of  the 
wide  variance  of  the  contents  of  nitrogen  and  ethane-plus  from  their 
respective  averages  for  the  seven  runs.  The  mass  spectrometer  results 
for  the  liquid  phase  sample  for  Run  No.  5  were  likewise  discarded  because 
the  contents  of  methane,  ethane,  propane,  and  ethane-plus  varied  appreciably 
from  their  respective  averages  for  the  seven  runs.  The  helium  contents  in 
the  vapor  and  liquid  phases  for  these  runs  are  respectively  in  excellent 
agreement.  The  results  for  the  helium  in  the  liquid  phase  are  conditioned 


■ 


in 


■ 


TABLE  2.  -  Equilibrium  phase  relationships  of  Exell  Gas  as  a  four-component  system,  experimental  data 


1 

Vapor  phase 

Pressure,  p.s.i.a 

• 

100 

200 

300 

Component 

Methane 

Ethane-plus 

Nitrogen 

Helium 

Methane  Ethane-plus 

Nitrogen 

Helium 

Methane 

Ethane-plus 

Nitrogen  Helium 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

Temperature,  °F. 

Run  No. 

-50 

1 

74.5 

9.4 

15.2 

0.9 

75.2 

8.3 

15.5 

1.0 

75.7 

7.6 

15.7 

1.0 

2 

75.7 

7.5 

15.8 

1.0 

-100 

1 

76.4 

6.7 

15.8 

1.0 

77.4 

5.2 

16.3 

1.0 

77.9 

4.4 

16.7 

i.i 

2 

77.7 

4.5 

16.8 

i.i 

3 

77.7 

4.5 

16.7 

i.i 

-125 

1 

77.7 

4.7 

16.5 

1.0 

78.4 

3.3 

17.2 

1.1 

78.5 

2.6 

17.8 

i.i 

-150 

1 

79.0 

3.0 

17.0 

i.i 

79.1 

1.7 

18.2 

1.1 

77.9 

1.1 

19.7 

1.3 

-175 

1 

79.8 

1.4 

17.7 

1.1 

78.1 

.5 

20.1 

1.2 

63.8 

.3 

33.1 

2.8 

-200 

1 

78.1 

.4 

20.3 

1.2 

52.9 

.4 

42.9 

3.9 

42.4 

.2 

48.0 

9.4 

2 

77.7 

.3 

20.7 

1.2 

53.3 

.2 

42.5 

4.0 

3 

77.5 

.3 

20.8 

1.4 

4 

78.4 

.3 

20.0 

1.3  1 

5 

78.2 

.3 

20.1 

1.4  1 

6 

78.5 

.3 

20.0 

1.2 

7 

78.5 

.3 

19.9 

1.2 

-225 

1 

50.4 

.1 

45.7 

3.8 

29.7 

.1 

54.6 

15.7  1 

21.5 

cl 

43.5 

34.8 

-250 

1 

21.3 

.1 

62.7 

15.9 

14.0 

.2 

42.5 

43.3 

10.6 

.1 

30.3 

59.0 

-275 

1 

7.4 

.0 

43.8 

48.8 

3.7 

.1 

23.0 

73.2 

1/  3.8 

i/  Tr. 

£ 

0D 

• 

Cn 

i/77.7 

^denotes  mole  percent. 

Tr.  is  less  than  0.05  mole  percent. 

1/  Data  obtained  at  298  p.s.i.a.  instead  of  300  p.s.i.a. 
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TABLE  2.  -  Equilibrium  phase  relationships  of  Exell  Gas  as  a  four-component  system,  experimental  data  (Con.) 


Vapor  phas 

e 

Pressure 

400 

500 

Component 

Methane 

Ethane-plus 

Nitrogen 

Helium 

Methane 

Ethane-plus 

Nitrogen 

Helium 

% 

% 

% 

% 

% 

% 

% 

% 

Temperature ,  °  F . 

Run  No. 

-50 

1 

75.7 

7.4 

15.9 

1.0 

76.3 

6.7 

16.0 

1.0 

2 

76.0 

7.1 

15.8 

1.1 

-100 

1 

77.7 

3.9 

17.3 

1.0 

77.7 

3.5 

17.6 

1.2 

2 

78.0 

3.9 

17.1 

1.1 

77.5 

3.7 

17.7 

1.1 

-125 

1 

78.4 

2.1 

18.3 

1.2 

77.1 

1.9 

19.7 

1.3 

2 

76.4 

2.0 

20.2 

1.4 

-150 

1 

73.0 

1.0 

24.5 

1.6 

65.6 

.9 

30.6 

2.9 

2 

66.6 

.8 

29.8 

2.9 

-175 

1 

54.4 

.4 

39.2 

6.0 

46.9 

.3 

41.1 

11.7 

2 

46.6 

.9 

40.5 

12.0 

-200 

1 

33.3 

.3 

43.5 

22.9 

27.2 

.6 

36.7 

35.5 

2 

27.5 

.2 

37.5 

34.8 

-225 

1 

15.3 

.1 

34.5 

50.1 

13.5 

.7 

30.4 

55.3 

-250 

1 

?/l7.5 

2/. 6 

2/27.8  2/54.1 

2 

6.8 

Tr. 

22.2 

71.0 

%  denotes  mole  percent. 

Tr.  is  less  than  0.05  mole  percent. 

2/  Apparently  a  poor  sample  (results  discarded). 


TABLE  2.  -  Equilibrium  phase  relationships  of  Exell  Gas  as  a  four-component  system,  experimental  data  (Con.) 


Liquid  phase 

Pressure,  p. 

8 

• 

100 

200  j 

300 

Component 

Methane 

. 

Ethane-plus  ,  Nitrogen 

Helium  i 

Methane 

Ethane-plus 

Nitrogen 

Helium 

Methane 

Ethane-plus 

Nitrogen  Helium 

— 

% 

% 

% 

%  | 

% 

% 

% 

%  \ 

% 

% 

% 

% 

Temperature , 

°F.  ; 

Run  No. 

-3G 

1 

7.4 

91.5 

1.3 

n,001 

13.9 

34.7 

1.4 

0.002 

17.3 

81.1 

1.2 

0.008  j 

2 

18.3 

30.2 

1.5 

.009 

-100  | 

1 

9.7 

90.2 

.2 

,001 

17.6 

82.4 

Tr. 

.003  I 

25.7- 

74.1 

.2 

i/,021 

2 

27.0 

72.9 

.1 

.006 

| 

25.7 

73.4 

.9 

.009 

-125 

1  1 

12.6 

87.4 

“8 

•  X 

.003  ; 

25.9 

74.1 

Tr. 

.001  I 

38.6 

61.0 

.4 

.010  j 

-150 

1 

19.9 

78.7 

1.4 

.003 

38.9 

61.0 

.1 

0 

0 

» 

60.3 

38.5 

1.2 

.005  * 

-175 

1 

31.5 

68. 5 

.1 

.006  1 

65.7 

33.0 

1.3 

.004  | 

32.3 

17.6 

.1 

,006  ; 

-200 

; 

1 

,58.4 

,41.4 

„  .  .2 

,002 

78,6 

14.4 

7.1 

5/. 112  | 

75.6 

12.2 

12.1 

,090 

2 

1/57.3 

1/37.7 

I/5.O 

.002 

76.6 

17.1 

6.2 

.017 

3 

55.7 

43.7 

.6 

.002  ■ 

■( 

\ 

5 

2/41:5 

2/1.I 

.001 

.001  1 

6 

56.8 

42.3 

.9 

.002 

7 

56.8 

40.8 

2.2 

003 

-225 

1 

79.9 

15.5 

4.6 

.006  ; 

74.7 

13.9 

11.4 

.029 

75.3 

10.3 

14.3 

.116 

-250 

1 

76.4 

11.7 

11.9 

.007 

74.4 

11.1 

14.4 

.070 

74.0 

11.0 

14.9 

.115 

-275 

1 

74.1 

11.7 

14.1 

.022  | 

72.5 

13.6 

13.9 

.054  j 

fl/74.2 

i/lO.4 

1/ 15.2 

i/.lQl 

Tr.  is  less  than  0.05  mole  percent. 

1/  Data  obtained  at  298  p.s.i.a.  instead  of  300  p.s.i.a. 
2 /  Apparently  a  poor  sample  (results  discarded). 
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TABLE  2.  -  Equilibrium  phase  relationships  of  Exell  Gas  as  a  four-component  system,  experimental  data  (Con.) 


Liquid  phase 

Pressure,  p.s.i.a. 

400 

500 

Component 

Methane 

Ethane-plus  Nitrogen 

Helium 

Methane 

Ethane-plus 

Nitrogen 

Helium 

% 

% 

% 

% 

% 

% 

% 

% 

Temperature,  °F. 

Run  No. 

-50 

1 

24.8 

73.9 

1.3 

0.006 

30.7 

67.5 

1.8 

0.007 

2 

23.3 

75.5 

1.2 

.003 

-100 

1 

37.2 

62.2 

.6 

2/. 018 

58.1 

40.2 

1.7 

.017 

2 

36.1 

62.8 

1.1 

.008 

56.3 

41.9 

1.7 

.010 

-125 

1 

2 

51.1 

47.3 

1.5 

.007 

l/61*7 

i/57.1 

2/35*6 

i/39.9 

00  VO 

.020 

.024 

-150 

1 

2 

71.2 

24.7 

4.2 

.014 

o/72.5 

3^62.5 

a&S 

>A:l 

.078 

.042 

-175 

1 

74.7 

15.3 

10.0 

.070 

75.0 

11.3 

13.5 

2/*203 

±/.005 

2 

72  c  4 

14.4 

13.0 

-200 

1 

74.6 

10.9 

14.3 

.193 

73.9 

10.9 

14.8 

.361 

2 

74.3 

11.4 

13.9 

.343 

-225 

1 

73.9 

10.9 

14.9 

.238 

73.5 

10.6 

15.5 

.350 

-250 

1 

73.3 

12.5 

14.0 

.214 

2 

72.4 

12.9 

14.5 

.168 

^denotes  mole  percent. 

2 /  Apparently  a  poor  ■  ample  (results  discarded). 
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TABLE  3 


_  Equilibrium  phase  relationships  of  Exell  Gas  as  a  four-component  system,  averaged  experimental  data 


Pressure,  p.s.i.a. 

100 

200 

300 

Component 

Methane 

Ethane-plus 

Nitrogen 

Helium 

Methane 

Ethane-plus 

Nitrogen 

Helium 

Methane 

Ethane-plus 

Nitrogen  Helium 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

Temperature,  °F. 

Phase 

-50 

Vapor 

74.5 

9.4 

15.2 

0.9 

75.2 

8.3 

15.5 

1.0 

75.7 

7.6 

15.8 

1.0 

Liquid 

7.4 

91.5 

1.1 

.001 

13.9 

84.7 

1.4 

.002 

18.1 

80.7 

1.4 

.009 

-100 

Vapor 

76.4 

6.7 

15.8 

1.0 

77.4 

5.2 

16.3 

1.0 

77.8 

4.5 

16.7 

1.1 

Liquid 

9.7 

90.2 

.2 

.001 

17.6 

82.4 

Tr. 

.003 

26.1 

73.5 

.4 

.008 

-125 

Vapor 

77.7 

4.7 

16.5 

1.0 

78.4 

3.3 

17.2 

1.1 

78.5 

2.6 

17.8 

1.1 

Liquid 

12.6 

87.4 

.1 

.003 

25.9 

74.1 

Tr. 

.001 

38.6 

61.0 

.4 

.010 

-150 

Vapor 

79.0 

3.0 

17.0 

1.1 

79.1 

1.7 

18.2 

1.1 

77.9 

1.1 

19.7 

1.3 

Liquid 

19.9 

78.7 

1.4 

.003 

38.9 

61.0 

.1 

.004 

60.3 

38.5 

1.2 

,005 

-175 

Vapor 

79.8 

1.4 

17.7 

1.1 

78.1 

.5 

20.1 

1.2 

63.8 

.3 

33.1 

2.8 

Liquid 

31.5 

68.5 

.1 

.006 

65.7 

33.0 

1.3 

.004 

82.3 

17.6 

.1 

.006 

-200 

Vapor 

78.1 

.3 

20.3 

1.3 

53.1 

.3 

42.7 

4.0 

42.4 

.2 

48.0 

9.4 

Liquid 

56.7 

42.4 

.9 

.002 

77.6 

15.8 

6.7 

.017 

75.6 

12.2 

12.1 

.090 

-225 

Vapor 

50.4 

.1 

45.7 

3.8 

29.7 

.1 

54.6 

15.7 

21.5 

.1 

43.5 

34.8 

Liquid 

79.9 

15.5 

4.6 

.006 

74.7 

13.9 

11.4 

.029 

75.3 

10.3 

14.3 

.116 

-250 

Vapor 

21.3 

.1 

62.7 

15.9 

14.0 

.2 

42.5 

43.3 

10.6 

.1 

30.3 

59.0 

Liquid 

76.4 

11.7 

11.9 

.007 

74.4 

11.1 

14.4 

.070 

74.0 

11.0 

14.9 

.115  . 

-275 

Vapor 

7.4 

.0 

43.8 

48.8 

3.7 

.1 

23.0 

73.2 

1/3.8 

1/.18.S 

i/77.7 

Liquid 

74.1 

11.7 

14.1 

.022 

72.5 

13.6 

13.9 

.054 

f/74.2 

i/10.4 

1/15.2 

i/.101 

i»  denotes  mole  percent. 

Tr.  is  less  than  0.05  mole  percent. 

1/  Data  obtained  at  298  p.s.i.a.  instead  of  300  p.s.i.a. 
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TABLE  3.  -  Equilibrium  phase  relationships  of  Exell  Gas  as  a  four- component  system,  averaged  experimental  data  (Con.) 


Pressure 

400 

500 

Component 

Methane 

Ethane-plus 

Nitrogen 

Helium 

Methane 

Ethane-plus 

Nitrogen 

Helium 

% 

% 

.  % 

% 

% 

% 

% 

% 

Temperature,  °F. 

Phase 

-50 

Vapor 

75.9 

7.3 

15.9 

1.1 

76.3 

6.7 

16.0 

1.0 

Liquid 

24.1 

74.7 

1.3 

.005 

30.7 

67.5 

1.8 

.007 

-100 

Vapor 

77,9 

3.9 

17.2 

1.1 

77.6 

3.6 

17.7 

1.2 

Liquid 

36.7 

62.5 

.9 

.008 

SI. 2 

41.1 

1.7 

.014 

-125 

Vapor 

78.4 

2.1 

18.3  ' 

1.2 

76.8 

2.0 

20.0 

1.4 

Liquid 

51.1 

47.3 

1.5 

.007 

61.7 

35.6 

2.8 

.022 

-150 

Vapor 

73.0 

1.0 

24.5 

1.6 

66.1 

.9 

30.2 

2.9 

Liquid 

71.2 

24.7 

4.2 

.014 

72.5 

20.6 

6.9 

.060 

-175 

Vapor 

54.4 

.4 

39.2 

6.0 

46.8 

.6 

40.8 

11.9 

Liquid 

74.7 

15.3 

10.0 

.070 

73.7 

12.9 

13.3 

.203 

-200 

Vapor 

33.3 

.3 

43.5 

22.9 

27.4 

.4 

37.1 

35.2 

Liquid 

74.6 

10.9 

14.3 

.193 

74.1 

11.2 

14.4 

.352 

-225 

Vapor 

15.3 

.1 

34.5 

50.1 

13.5 

.7 

30.4 

55.3 

Liquid 

73.9 

10.9 

14.9 

.238 

73.5 

10.6 

15.5 

.350 

-250 

Vapor 

6.8 

Tr. 

22.2 

71.0 

Liquid 

72.9 

12.7 

14.3 

.191 

Tr.  is  less  than  0.05  mole  percent. 


. 
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TABLE  4 


_  Equilibrium  phase  relationships  of  ethane .  propane,  and  butanes  in  Exell  Gas,  experimental  data 


Vapor  phase 

Pressure,  p.s.i.a. 

100 

200 

300 

400 

500 

Component 

Ethane 

Propane 

Butanes 

Ethane 

Propane 

Butanes 

Ethane 

Propane 

Butanes 

Ethane 

Propane 

Butanes 

Ethane 

Propane 

Butanes 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

Temperature,  °F. 

Run  No. 

-50 

1 

5.5 

2.8 

0.9 

5.4 

2.3 

0.6 

5.2 

2.0 

0.4 

5.4 

1.8 

0.2 

4.8 

1.6 

0.2 

2 

5.1 

1.9 

.3 

5.1 

1.8 

.2 

-100 

1 

5.1 

1.4 

.1 

4.3 

.8 

.1 

3.7 

.6 

.1 

3.4 

.5 

Tr. 

3.0 

.5 

.0 

2 

3.8 

.6 

.1 

3.3 

.5 

Tr. 

3.2 

.5 

•  1 

3 

3.8 

.6 

.1 

-125 

1 

2 

4.1 

.6 

.0 

3.0 

.3 

.0 

2.4 

.3 

.0 

1.9 

.2 

,0 

1.7 

1.8 

.2 

.2 

.0 

.0 

-150 

1 

2 

2.8 

.2 

.0 

1.6 

.1 

.0 

1.1 

.1 

.0 

.7 

Tr. 

.2 

.7 

.7 

.1 

.1 

.1 

.0 

-175 

1 

2 

1.3 

.1 

.0 

.5 

Tr. 

.0 

.3 

Tr. 

.0 

.3 

.1 

.0 

.2 

A 

.1 

.2 

.0 

.1 

-200 

1 

.3 

Tr. 

.1 

.1 

Tr. 

.1 

.1 

Tr. 

.0 

.1 

Tr. 

.1 

.2 

.2 

.1 

2 

.3 

Tr. 

.0 

.2 

Tr. 

.0 

.2 

.1 

•  0 

3 

.3 

.0 

.0 

4 

.3 

Tr. 

.0 

5 

.3 

Tr. 

.0 

6 

.3 

Tr. 

.0 

7 

.3 

Tr. 

.0 

-225 

1 

.1 

.0 

.0 

.1 

.0 

.0 

.1 

Tr. 

.0 

Tr. 

.1 

.0 

.1 

Tr. 

.2 

-250 

1 

.0 

Tr. 

Tr. 

.0 

Tr. 

Tr. 

Tr. 

Tr. 

.1 

i/.3 

i/.l 

i/.l 

2 

.0 

Tr. 

.0 

-275 

1 

.0 

.0 

.0 

.1 

Tr. 

.0 

2/.0 

2/Tr. 

2/.0 

•*  •  *■  Vliwu  V*  V«Ub* 

1/  Apparently  a  poor  sample  (results  discarded). 

2/  Data  obtained  at  298  p.s.i.a.  instead  of  300  p.s.i.a. 
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tart.e  4.  _  Equilibrium  phase  relationships  of  ethane,  propane,  and  butanes  in  Kxell  Gas,  experimental  data  (Con.) 


Liquid  phase 

Pressure,  p.s.i.a 

• 

100 

200 

300 

400 

500 

Component 

Ethane 

Propane 

Butanes 

Ethane 

Propane 

Butanes 

Ethane 

Propane 

Butanes 

Ethane 

Propane 

Butanes 

Ethane 

Propane 

Butanes 

- 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

Temperature,  ®F. 

Run  No. 

-50 

1 

7.8 

24.3 

37.1 

12.0 

29.1 

29.8 

15.1 

30.3 

24.6 

15.7 

26.5 

20.6 

16.8 

25.0 

17.5 

2 

14.0 

29.5 

24.9 

16.7 

29.0 

21.0 

-100 

1 

15.2 

38.6 

25.4 

22.5 

34.4 

18.1 

24.5 

28.8 

14.7 

24.2 

22.5 

10.8 

22.6 

13.5 

3.5 

2 

24.3 

27.9 

14.0 

23.0 

22.1 

11.8 

22.9 

14.5 

3.9 

3 

23.0 

28.8 

14.7 

-125 

1 

22.7 

37.3 

19.0 

28.4 

27.1 

12.8 

25.2 

21.1 

10.1 

21.3 

15.4 

7.3. 

3.5.6 

.11.2 

.5.8 

2 

t/ 19.6 

2/13.3 

2A.0 

-150 

1 

32.6 

30.3 

12.1 

28.8 

20.2 

8.6 

20.6 

11.9 

4.7 

12.2 

7.5 

3.3 

i  8,8 

.  7.0 

.3.7 

2 

1/17.9 

2/ll.3 

2/3.9 

-175 

1 

34.3 

22.3 

9.1 

17.2 

9.7 

4.2 

9.2 

5.0 

2.2 

7.1 

4.5 

2.4 

5.9 

3.2 

1.4 

2 

6.4 

4.0 

2.3 

-200 

1 

L/21-9 
^19. 3 

l/12*1 

■i/ 11.2 

I/5’2 

i/5.1 

7.7 

4.1 

1.8 

6.4 

3.5 

1.6 

5.7 

3.2 

1.4 

5.9 

3.2 

1.4 

2 

8.1 

4.8 

2.6 

6.2 

3.4 

1.4 

3 

21.8 

13.3 

5.8 

4 

5 

^2.0 

L/26.4 

i/14.6 

1/JS 

6 

21.8 

12.7 

5.6 

7 

21.1 

12.2 

5.2 

-225 

1 

8.3 

4.5 

1.9 

6.7 

3.8 

2.1 

5.9 

3.0 

1.0 

5.7 

3.2 

1.4 

5.7 

3.1 

1.3 

-250 

1 

6.3 

3.3 

1.4 

5.9 

3.2 

1.4 

5.7 

3.2 

1.4 

6.2 

3.5 

1.7 

2 

6.1 

4.2 

2.1 

-275 

1 

5.9 

3.3 

1.5 

6.0 

3.4 

2.0  | 

p/5.5 

2/3.0 

2/1.3 

1 

L_ 

2/  Data  obtained  at  298  p.s.i.a.  instead  of  300  p.s.i.a. 
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TABLE  5.  -  Equilibrium  phase  relationships  of  ethane,  propane,  and  butanes  in  Exell  Gas,  averaged  experimental  data 


Pressure,  p.s.i.a. 

100 

200 

300 

400 

500 

Component 

Ethane 

Propane 

Butanes 

Ethane 

Propane 

Butanes 

Ethane 

Propane 

Butanes 

Ethane 

Propane 

Butanes 

Ethane 

Propane 

Butanes 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

Temperature,  °F. 

Phase 

-50 

Vapor 

5.5 

2.8 

0.9 

5.4 

2.3 

0.6 

5.2 

2.0 

0.4 

5.3 

1.8 

0.2 

4.8 

1.6 

0.2 

Liquid 

7.8 

24.3 

37.1 

12.0 

29.8 

29.8 

14.6 

29.9 

24.8 

16.2 

27.8 

20.8 

16.8 

25.0 

17.5 

-100 

Vapor 

5.1 

1.4 

.1 

4.3 

.8 

.1 

3.8 

.6 

.1 

3.4 

.5 

Tr. 

3.1 

.5 

.1 

Liquid 

15.2 

38.6 

25.4 

22.5 

34.4 

18.1 

23.9 

28.5 

14.5 

23.6 

22.3 

11.3 

22.8 

14.0 

3.7 

-125 

Vapor 

4.1 

.6 

.0 

3.0 

.3 

.0 

2.4 

.3 

.0 

1.9 

.2 

.0 

1.8 

.2 

.0 

Liquid 

22.7 

37.3 

19.0 

28.4 

27.1 

12.8 

25.2 

21.1 

10.1 

21.3 

15.4 

7.1 

15.6 

11.2 

5.8 

-150 

Vapor 

2.8 

.2 

.0 

1.6 

.1 

.0 

1.1 

.1 

.0 

.7 

Tr. 

.2 

.7 

.1 

.1 

Liquid 

32.6 

30.3 

12.1 

28.8 

20.2 

8.6 

20.6 

11.9 

4.9 

12.2 

7.5 

3.3 

8.8 

7.0 

3.7 

-175 

Vapor 

1.3 

.1 

.0 

.5 

Tr. 

.0 

.3 

Tr. 

.0 

.3 

.1 

.0 

.3 

.2 

.1 

Liquid 

34.3 

22.3 

9.1 

17.2 

9.7 

4.2 

9.2 

5.0 

2.2 

7.1 

4.5 

2.4 

6.2 

3.6 

1.9 

-200 

Vapor 

.3 

Tr. 

Tr. 

.2 

Tr. 

.1 

.1 

Tr. 

.0 

.1 

Tr. 

.1 

.2 

.2 

.1 

Liquid 

21.7 

12.7 

5.5 

7.9 

4.5 

2.2 

6.4 

3.5 

1.6 

5.7 

3.2 

1.4 

6.1 

3.3 

1.4 

-225 

Vapor 

.1 

.0 

.0 

.1 

.0 

.0 

.1 

Tr. 

.0 

Tr. 

.1 

.0 

.1 

Tr. 

.2 

Liquid 

8.3 

4.5 

1.9 

6.7 

3.8 

2.1 

5.9 

3.0 

1.0 

5.7 

3.2 

1.4 

5.7 

3.1 

1.3 

-250 

Vapor 

.0 

Tr. 

Tr. 

.0 

Tr. 

Tr. 

Tr. 

Tr. 

.1 

.0 

Tr. 

.0 

Liquid 

6 . 3 

3.3 

1.4 

5.9 

3.2 

1.4 

5.7 

3.2 

1.4 

6.2 

3.9 

1.9 

-275 

Vapor 

.0 

.0 

.0 

.1 

Tr. 

.0 

y,  -° 

i/Tr. 

¥/  • ° 

Liquid 

5.9 

3.3 

1.5 

6.0 

3.4 

2.0 

1/5.5 

1/3.0 

i/1.3 

Tr.  is  less  than  0.05  mole  percent. 

1 J  Data  obtained  at  298  p.s.i.a.  instead  of  300  p.s.i.a. 
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EQUILIBRIUM  PHASE  RELATIONSHIPS  OF  EXELL  GAS,  200  p.s.i.a, 
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FIGURE  3. 

EQUILIBRIUM  PHASE  RELATIONSHIPS  OF  EXELL  GAS,  300  p.s.i.o. 
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FIGURE  4. 

PHASE  RELATIONSHIPS  OF  EXELL  GAS 
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FIGURE  6. 

EQUILIBRIUM  PHASE  RELATIONSHIPS  OF  ETHANE  IN  EXELL  GAS 
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EQUILIBRIUM  PHASE  RELATIONSHIPS  OF  PROPANE  IN  EXELL  GAS. 
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FIGURE  8. 

CONCENTRATION  OF  BUTANES  IN  LIQUID  PHASES,  EXELL  GAS 
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somewhat  because  of  their  low  values  (approximately  0.002  mole  percent). 
Recently  completed  studies  have  shown  that  the  overall  reproducibility  for 
these  low  concentrations  of  helium  are  ±  0.003  mole  percent.  This  lack  of 
precision  is  attributable  to  the  operation  of  the  phase  equilibrium  apparatus 
plus  slight  limitations  of  the  helium  analysis  apparatus „ 


Equilibrium  Vaporization  Coefficients 


Phase  relationship  data  given  in  Table  3  are  utilized  to  cal¬ 
culate  equilibrium  vaporization  coefficients  for  methane ,  ethane-plus , 
nitrogen,  and  helium  considering  the  Exell  gas  as  a  four-component  system. 
The  equilibrium  vaporization  coefficient  for  a  component  is  defined  as  the 
ratio  of  the  mole  fraction  of  the  component  in  the  vapor  phase  to  its 
mole  fraction  in  the  liquid  phase  for  an  equilibrium  condition  at  a  given 
temperature  and  pressure.  The  coefficients  calculated  from  data  in  Table 
3  are  presented  in  Table  6.  The  coefficients  for  methane  in  Table  6  are 
plotted  isobarically  in  Figure  9,  page  28. 


Because  of  its  importance  in  helium  extraction  processes,  helium 
solubility  in  the  equilibrium  liquid  phases  is  noted  in  particular  for 
conditions  of  pressure  and  temperature  obtained  in  this  study.  Helium 
solubility  data  are  shown  in  Tables  2  and  3,  pages  9,  10,  11,  12,  13,  and 
14.  An  isobaric  plot  of  solubility  of  helium  in  equilibrium  liquid  phases 
is  shown  in  Figure  10  using  data  from  Table  3.  Data  below  0.005  mole 
percent  shown  in  Table  3  are  not  plotted  in  Figure  10  because  of  their 
erratic  values.  There  are  additional  helium  solubility  data  which  are  not 
plotted  for  warmer  temperatures  than  those  shown  for  the  respective  isobars 
for  the  same  reason,  and  because  of  incompatability  with  data  obtained 
for  other  pressures.  The  isobar  for  the  100  p.s.i.a.  condition  and  a 
portion  of  that  for  300  p.s.i.a.  are  shown  dashed  owing  to  the  uncertainties 
in  the  slope. 


Percent  Condensed 

\ 


Using  experimental  data,  calculation  of  percent  condensed  data, 
were  made,  and  the  results  were  plotted  in  Figure  11,  which  is  a  graph  of 
percent  condensed  versus  temperature  for  five  isobars. 

The  procedure  utilized  essentially  a  series  of  trial  and  error 
calculations  for  the  equation, 

J  j  n± 

=10°‘00 


TABLE  6‘  "  g3a^ibrlum  vaporization_coefficients  of  Exell  Gas  as  a  four-r.omponent  system 


Pressure,  p.s.i.a. 

100  200  300  400  500 

Temp0,  °F0  Component 

Coefficients 

Methane 

Ethane-plus 

Nitrogen 

Helium 

10°!  5o410  4ol82  3  ol49  2o485 

°1°3  °  0980  o0942  O0977  O0993 

13  ° 8  11.1  11 o 3  12 o 2  8o  89 

900  500  110  220  140 

Methane 
Ethane-plus 
~i0°  Nitrogen 

Helium 

7o88  40398  2.981  2.123  1.357 

*0743  .0631  .0612  .0624  .0876 

79  I/  42  19  10.4 

1000  330  140  140  '  85.7 

Methane 
Ethane-plus 
^5  Nitrogen 

Helium 

6.167  3.o  02.7  2.034  1.534  1.245 

.0538  .0445  .0426  .0444  .0562 

170  1/  45  12.2  7.14 

330  11.00  110  170  63.6 

Methane 
Ethane -plus 
Nitrogen 
Helium 

3.970  2.033  1.292  1.025  .9117 

.0381  .0279  .0286  .0405  .044 

12 »1  180  16.4  5.83  4.38 

370  280  260  114  48.3 

Methane 

17_  Ethane-plus 

Nitrogen 
Helium 

2.533  1.189  .7752  .7282  .6350 

.0204  .015  .017  .026  .047 

180  15.5  330  3.920  3.068 

180  300  470  85.7  58.62 

Methane 
Ethane-plus 
■u  Nitrogen 

Helium 

1.377  .6843  .5608  .4464  .3698 

.0071  .019  .016  .028  .036 

23  6.37  3.967  3.042  2.576 

650  235  104  118.7  100.0 

Methane 

Ethane-plus 

Nitrogen 

Helium 

.6308  .3976  .2855  .2070  .1837 

.0065  .0072  .0097  .0092  .066 

9.93  4.789  3.042  2.315  1.961 

630  541  300.0  210.5  158.0 

Methane 

Ethane-plus 

Nitrogen 

Helium 

.2788  .1882  .1432  .0933 

.0085  .018  .0091  1/ 

5.269  2.951  2.034  l7552 

2300  619  513.0  371.7 

Methane 

27(,  Ethane-plus 

Nitrogen 
Helium 

.0999  .0510  1/.0512 

y  "°°74  0/Ly 

3.106  1.655  J=/l.217 

2220  1360  £/769.3 

y  Indeterminate  from  analyses . 

2/  Determined  from  data  obtained  at  298  p.s.i.a.  instead  of  300  p.s.i.a. 
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FIGURE  9.  -  EQUILIBRIUM  COEFFICIENTS  FOR  METHANE,  EXELL  GAS. 
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until  a  final  calculation  was  made  which  satisfied  this  equation  within 
certain  tolerance  limits.  This  procedure  was  used  for  each  of  39  conditions 
oi  temperature  and  pressure  included  in  this  phase  study .  For  these  cal¬ 
culations  Exell  Gas  was  considered  as  a  four- component  system  as  noted  on 
pages  2  and  60  The  terms  of  this  equation  are  defined  as  follows s 

xi  =  percent  of  component  i  in  the  liquid  phase 

ni  ~  percent  of  component  i  in  the  feed  gas 

^i  =  experimental  equilibrium  vaporization  coefficient  of  i 

L  =  assumed  percent  condensed 

100 

V  =  1.0000  -  L 


j  -  total  number  of  components  in  the  feed  gas 

Values  of  L  are  substituted  in  the  equation  by  trial  and  error  until  the 
value  of  L  is  found  that  gives  100.00  for  the  summation.  A  discussion  of 
this  method  is  given  by  M„  B.  Standing  (6). 


DISCUSSION  OF  RESULTS 


Vapor-Liquid  Phase  Compositions 


The  compositions  of  the  vapor  and  liquid  phases  may  be  best 
evaluated  by  reference  to  the  graphical  representation  which  is  a  plot  of 
mole  percent  versus  temperature. 

The  graphs  for  the  Exell  gas  treated  as  a  four— component  system 
exhibit  typical  behavior 0  Reference  to  the  reports  for  Keyes  Gas  (4),  Cliff- 
side  Gas  (7),  and  Typical  Helium  Conservation  Gas  (8)  reveal  the  similarities. 
The  equilibrium  phase  relationships  for  Exell  gas  are  shown  in  Figures  1 
through  5.  The  range  of  temperatures  covered  is  from  -50  to  -275°  F.  For 
selected  temperatures  in  the  range  of  -50  to  -225°  F.,  data  were  obtained 
at  all  pressures  covered  in  the  study.  No  data  were  obtained  at  either 
400  or  500  p.s.i.a.  for  -275°  F0,  or  at  500  p.Soi.a.  for  -250°  F.  because 
of  difficulties  encountered  in  sampling  at  these  conditions  of  high  percent 
condensed.  In  the  vapor  phase,  the  methane  content  is  high  at  the  warm 
end,  and,  as  the  temperature  becomes  colder,  reaches  a  maximum  and  drops  off 
sharply  to  a  low  value  at  the  cold  end  of  the  temperature  range.  The  nitrogen 
is  low  at  the  warm  end,  reaches  a  maximum  of  about  40— 60  percent  near  the 
cold  end,  and  decreases  as  the  temperature  becomes  colder.  Helium  remains 
at  about  1  percent  from  -50  to  -150°  F.  and  then  sharply  rises  to  a  high 
value  at  the  cold  end.  In  the  liquid  phase,  ethane-plus  content  is  high 
at  the  warm  end,  drops  off  sharply  to  a  low  value  at  near  -200°  F. ,  continuing 
near  this  value  to  the  cold  end.  Methane  progresses  from  a  low  value  at 
the  warm  end  to  a  high  value  in  the  colder  half  of  the  range  and  falls  off 
slightly  from  this  value  at  the  cold  end.  Nitrogen  is  very  low  at  the  warm 
end  and  continued  thus  to  mid-range,  where  it  starts  a  gradual  rise,  reaching 


' 


■ 


a  maximum  of  low  percent  near  the  cold  end  of  the  temperature  range „  The 
configuration  of  the  curves  in  both  phases  are  similar  with  respect  to 
pressure  for  the  five  isobars,  the  effect  of  pressure  shifts  the  curves  along 
the  temperature  scale 0 

In  addition  to  the  usual  phase  relationships  noted  above,  the 
vapor-liquid  data  for  ethane  are  shown  in  Figure  6,  page  23,  those  for  pro¬ 
pane  are  described  in  Figure  7,  page  24,  and  the  concentration  of  butanes 
in  the  liquid  phase  are  shown  in  Figure  8,  page  25 0 

With  respect  to  ethane,  some  generalizations  may  be  noted 0  In 
the  vapor  phase,  a  low  concentration  (about  5%)  is  present  at  the  warm  end 
which  drops  off  to  a  very  low  value  (less  than  1%)  near  mid-range;  the 
higher  the  pressure,  the  warmer  is  the  temperature  at  which  this  lower 
concentration  is  reached 0  In  the  liquid  phase,  the  concentration  rises 
from  a  low  value  to  a  maximum  from  which  it  falls  to  a  low  value  as  the  cold 
end  is  reached 0  This  maximum  is  attained  near  mid-range  for  100  p,s„i0a„, 
and  as  pressures  are  increased,  the  maximum  appears  nearer  the  warm  end 
and  of  lower  value 0 

With  respect  to  propane,  the  following  observations  are  made0 
In  the  vapor  phase,  the  concentration  drops  from  a  low  value  at  the  warm 
end  to  a  very  low  value  near  -175°  F0;  the  higher  the  pressure,  the  warmer 
is  the  temperature  at  which  the  lowest  concentrations  are  reached „  In 
the  liquid  phase,  propane  has  a  moderate  value  at  -50°  F0,  and  for  the  100 
and  200  poS0ioa0  conditions,  rises  to  a  maximum  before  falling  off  to  a 
low  value  at  the  cold  end;  for  the  300,  400,  and  500  poSoi0a0  conditions, 
from  a.  moderate  value  at  the  warm  end,  the  concentration  falls  to  a  low 
value  near  mid-range 0  Again,  as  was  noted  in  the  instance  of  ethane,  the 
maximum  appears  nearer  the  warm  end  and  of  lower  value  as  the  pressure  is 
increased o  The  maximum  is  not  obvious  for  the  500  pcScioa0  condition, 
however o 


In  Figure  8,  page  25,  the  concentration  of  butanes  in  liquid 
phases  are  shown  to  decrease  from  moderate  values  at  -50°  F0  to  low  values 
at  the  cold  end„  The  value  at  -50°  F0  becomes  smaller  as  the  pressure 
increases „ 


Equilibrium  Vaporization  Coefficients 


The  quotient  obtained  by  dividing  the  mole  fraction  of  a  given 
component  in  the  vapor  phase  by  its  mole  fraction  in  the  liquid  phase  for 
an  equilibrium  condition  at  a  given  temperature  and  pressure  is  known  as 
the  equilibrium  vaporization  coefficients  The  designations  equilibrium 
vaporization  coefficient  and  equilibrium  coefficient  are  used  interchangeably 
in  this  report o  The  coefficients  for  components  in  a  system  are  of  im¬ 
portance  in  engineering  designD  Because  methane  and,  in  many  cases, 
nitrogen  are  major  components  of  natural  gases  from  which  helium  is  ex¬ 
tracted,  their  equilibrium  coefficients  assume  particular  significance  in 
the  engineering  of  helium  separation  processes „  Table  6,  page  27,  presents 
coefficients  for  Exell  Gas  treated  as  a  four-component  system  as  noted  on 


pages  2  and  6.  At  several  conditions  of  temperature  and  pressure,  some  of 
these  coefficients  appear  erratic,  particularly  for  helium,  when  plotting 
of  results  is  attemptedo  Reproducibility  tests  mentioned  previously  for 
helium  point  to  lack  of  precision  as  contributing  heavily  to  its  apparent 
erratic  behavior. 

Equilibrium  coefficients  for  methane  are  plotted  isobarically 
in  Figure  9=  Typical  behavior  is  exhibited;  the  general  shape  of  the 
curves  is  similar  to  that  shown  for  methane  in  previous  studies  (4,  7,  8). 
The  coefficients  become  smaller  with  decreasing  temperatures  and,  for  a 
given  temperature,  decrease  as  pressures  are  increased  for  the  temperature 
range  studied. 


Helium  Solubility 


The  solubility  of  helium  in  the  liquid  phases  assumes  great 
importance  in  the  efficiency  of  helium  extraction  processes.  Helium  is 
usually  present  in  small  concentrations  (1.0  mole  percent  in  the  case  of 
the  Exell  Helium  Plant)  in  the  gas  from  which  plants  extract  helium; 
therefore,  small  amounts  appearing  in  liquid  phases  are  more  significant 
than  they  might  appear  otherwise.  The  extraction  process  aims  to  reduce 
these  amounts  to  promote  efficiency  consistent  with  economy. 

The  helium  content  in  the  liquid  phases  is  indicated  in  Table  3, 
pages  13  and  14,  and  Figure  10,  page  29. 

Figure  10  shows  the  effect  of  temperature  and  pressure  on  the 
solubility  of  helium  in  the  equilibrium  liquid  phases.  For  the  temperature 
ranges  covered  by  the  respective  isobars  that  are  shown,  the  solubility 
increases  from  a  low  value  as  the  temperature  becomes  colder  until  a  maximum 
is  reached  for  each  curve  for  the  200,  300,  400,  and  500  p.s.i.a.  conditions 
An  increase  in  solubility  as  the  temperature  decreases  is  also  noted  for 
the  100  p.s.i.a.  condition. 


Percent  Condensed 


Figure  11,  page  30,  presents  plots  of  percent  condensed  versus 
temperature  for  each  of  five  pressures.  The  curves  exhibit  typical  behavior 
for  any  given  temperature  within  the  range  studied,  the  percent  condensed 
increases  as  the  pressure  increases.  Dashed  lines  which  are  extended 
beyond  points  plotted  at  the  cold  end  for  several,  isobars  indicate  the 
expected  trned  if  temperatures  had  been  reduced  to  -275°  F. 


- 
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